MYC family proteins are implicated in many human cancers, but their therapeutic targeting has proven challenging. MYCN amplification in childhood neuroblastoma (NB) is associated with aggressive disease and high mortality. Novel and effective therapeutic strategies are therefore urgently needed for these tumors. MYC-driven oncogenic transformation impairs cell survival under nutrient deprivation (ND), a characteristic stress condition within the tumor microenvironment. We recently identified eukaryotic Elongation Factor 2 Kinase (eEF2K) as a pivotal mediator of the adaptive response of tumor cells to ND. We therefore hypothesized that eEF2K facilitates the adaptation of MYCN amplified NB to ND, and that inhibiting this pathway can impair MYCNdriven NB progression. To test our hypothesis, we first analyzed publicly available genomic databases and tissue microarrays for eEF2K expression in NB, and for links between eEF2K, MYCN, and clinical outcome in NB. Effects of eEF2K inhibition were evaluated on survival of MYCN amplified versus non-amplified NB cell lines under ND. Finally, NB xenograft mouse models were used to confirm in vitro observations. Our results indicate that high eEF2K expression and activity are strongly predictive of poor outcome in NB, and correlates significantly with MYCN amplification. Inhibition of eEF2K markedly decreases survival of MYCN amplified NB cell lines in vitro under ND. Growth of MYCN amplified NB xenografts is markedly impaired by eEF2K knockdown, particularly under caloric restriction. In summary, eEF2K protects MYCN overexpressing NB cells from ND in vitro and in vivo, highlighting this kinase as a critical mediator of the adaptive response of MYCN amplified NB cells to metabolic stress. The closely related MYC, MYCN, and MYCL transcription factors are implicated in many aggressive human cancers, thus representing ideal targets for cancer therapy.
The closely related MYC, MYCN, and MYCL transcription factors are implicated in many aggressive human cancers, thus representing ideal targets for cancer therapy. [1] [2] [3] However, MYC family members are widely considered "undruggable", as they lack active sites susceptible to binding by inhibitory small molecules. 4 New approaches will likely require targeting of additional pathways required for their oncogenic transformation. By regulating the expression of its target genes, MYC activation results in numerous biological effects including cell cycle progression, cell growth, and metabolic reprogramming. 5, 6 In addition to these pro-growth and survival effects characteristic of a classic oncogene, MYC expression also renders diverse cell types susceptible to apoptosis when cells are deprived of nutrients. [7] [8] [9] [10] In the tumor microenvironment, reduced blood flow exposes cancer cells to potentially lethal stress forms, including nutrient deprivation (ND), forcing cells to adapt or die. 11 Recent work suggests that a major component of stress adaptation occurs through acute changes in mRNA translation. Under acute stress, cells undergo a block in global translation to save energy, 12 but with selective synthesis of key survival proteins that allow a more rapid response than through transcriptional mechanisms. 13, 14 We previously reported that under ND, eukaryotic Elongation Factor 2 Kinase (eEF2K) acts as a major mediator of cell survival by phosphorylating and inhibiting its substrate eukaryotic translation Elongation Factor 2 (eEF2). The latter mediates the translocation of ribosomes along mRNAs, which is the major rate-limiting step of mRNA translation elongation. [15] [16] [17] [18] The clinical relevance of eEF2K in human tumors is highlighted by our recent finding that high eEF2K expression predicts poor outcome in two central nervous system (CNS) tumors, medulloblastoma, and glioblastoma, where high eEF2K activity was detected in tumor tissues but not in normal surrounding CNS tissues.
protein overexpression in~20% of NB cases. 21 Importantly, MYCN amplification strongly predicts poor prognosis in all stages of disease in terms of overall survival in all multivariate regression analyzes of prognostic factors. 21, 22 Interestingly, MYC overexpression has been shown to impair cell viability in nutrient depleted cells. 7 On the basis of this observation, we hypothesized that eEF2K activity is required for adaptation of MYCN amplified NB to ND, and that targeting this pathway can therefore impair tumor progression under metabolic stress conditions.
Here, we show that NB cell lines overexpressing MYCN are highly dependent on eEF2K to overcome acute ND in vitro. Ectopic overexpression of MYCN in a non-MYCN amplified NB cell line results in increased sensitivity to eEF2K inhibition under ND. Moreover, shRNA mediated stable genetic inactivation of eEF2K in vivo results in decreased tumor growth and massive necrosis in MYCN amplified NB, particularly under caloric restriction. Collectively, these data suggest that eEF2K inhibition may be a novel therapeutic strategy for this aggressive tumor.
Results
High eEF2K expression is associated with poor outcome and MYCN amplification in NB. Given the association between high eEF2K expression and poor outcome in medulloblastoma and glioblastoma, 18 we first asked whether eEF2K expression levels predict outcome in NB. We therefore interrogated gene expression data from published RNAseq 23 and gene expression microarray cohorts, 24, 25 and found that increased eEF2K levels are strongly predictive of worse outcome in NB among four independent data sets (Figure 1a: Asgharzadeh, P = 6e-03; SEQC: P = 7e-05; and Oberthuer: P = 3e-04, respectively; Supplementary Figure S1: Versteeg, P = 4e-04). We next tested if this correlation is linked to MYCN status. Indeed, there was a strong association between MYCN and eEF2K expression in MYCN amplified NB across five independent data sets (Figure 1b: Asgharzadeh, P = 1.3e-05; SEQC, P = 2.3e-07; and Oberthuer, P = 0.016, respectively; Supplementary Figure S1b: Versteeg, P = 0.073; and Kocak, P = 2.5e-07). In addition, MYCN amplified NB cases have significantly higher eEF2K mRNA expression compared to non-MYCN amplified tumors in five independent data sets (Figure 1c: Asgharzadeh, P = 3.94-10; SEQC, P = 2.44e-22; Oberthuer, P = 3.47e-13, respectively; Supplementary Figure S1c: Versteeg, P = 2.39e-07 and Kocak, P = 4.11e-39). Higher levels of eEF2K expression in MYCN amplified cases, as opposed to non-MYCN amplified cases, were also observed in analyses limited to higher clinical risk tumors (stage 4, age 418 months; Supplementary Figure S1d) . Taken together, these data provide evidence for high eEF2K expression in MYCN amplified NB.
eEF2K is strongly activated in MYCN amplified NB cells. Since mRNA levels are not always predictive of the activation state of a specific biological pathway, we next wished to confirm that eEF2K is functionally activated in MYCN amplified NB. We therefore stained NB tissue microarrays (TMAs) obtained from the Children's Hospital of Philadelphia (CHOP) by immunohistochemistry (IHC) with antibodies targeting the eEF2K specific Thr56 phosphorylation site of eEF2 (p-eEF2). This revealed higher p-eEF2 (i.e., eEF2K activation or expression) in MYCN amplified NB compared to non-MYCN amplified tumors (P = 0.011; Figures 2a and b) , further pointing to a role for eEF2K in this particular subset of NB. Moreover, elevated p-eEF2 levels were associated with tumors at a higher INSS clinical stage, according to the International NB Staging System, INSS, (ref. 26 and Figure 2c ). In addition, high p-eEF2 levels are predictive of worse outcome in NB in a univariate survival analysis (P = 0.002; Figure 2d ). This was confirmed with two different manual semi-quantitative methods for IHC quantification, namely the histo-score (H-score), and the immunoreactive score (IRS; Supplementary Figure S2a Inactivation of eEF2K impairs the adaptive response of MYCN amplified BE(2)-C NB cells to acute ND. Since eEF2K confers cell survival under acute severe ND, 18 and MYC overexpression impairs cell viability under ND, 7 we hypothesized that eEF2K activity is particularly relevant for the adaptation of MYCN amplified NB cells to severe ND, and that targeting this pathway impairs tumor survival under metabolic stress. To test whether, we performed stable shRNA mediated knockdown of eEF2K in the well characterized MYCN amplified BE(2)-C and non-MYCN amplified SH-EP NB cell lines. 27 Screening of a commercially available pool of six shRNA sequences identified two shRNAs for subsequent studies, one with strong and the other with moderate eEF2K knockdown, as confirmed by Western blotting (Figure 3a , see eEF2K panel, and Supplementary Figure S2g) . As predicted by our previous findings, 18 eEF2K had no effect on cell proliferation or survival under ambient conditions (i.e., complete growth media), as determined using MTT assays (Supplementary Figure S2h) . We then performed a time course analysis of cell survival under acute severe ND, using media lacking glucose, amino acids and serum as described. 18 Western blotting confirmed that BE(2)-C cells transduced with shRNAs targeting eEF2K were Figure S2g ). This was not associated with loss of MYCN expression in the eEF2K knockdown cell lines (Figure 3a) . Phosphorylation of AMPKα, a known sensor of energy depletion, 28 confirmed that cells were experiencing energy stress under ND conditions in these experiments (Supplementary Figure S2l) . To evaluate the impact of eEF2K loss on cell apoptosis under ND, we performed western blotting for caspase-3 cleavage. MYCN amplified cells with eEF2K knockdown seemed more susceptible to apoptosis induced by ND compared to controls (Figure 3a ; see Western blotting confirmed eEF2K activation under acute ND for Tet21N cells both with or without MYCN induction, based on increased p-eEF2 levels ( Figure 4c ). This is expected as eEF2 phosphorylation is a general regulatory mechanism by which eukaryotic cells control translation. 17 MYCN induction had no effects on eEF2K levels in Tet21N cells ± DOX Figure S6a) , consistent with our previous results. 18 To test whether MYCN expression affects eEF2K stability, we treated Tet21N cells with the translation inhibitor cycloheximide and measured eEF2K protein levels in the presence and absence of DOX. However, MYCN levels did not affect eEF2K stability, either under ambient conditions or ND (Supplementary Figure  S6b-e) . Taken together, these findings provide further evidence that eEF2K activity is required for the adaptation of MYCN amplified NB cells to ND in vitro.
Inactivation of eEF2K induces massive cell death in MYCN amplified NB in vivo. To begin to assess eEF2K inhibition as a potential therapeutic strategy for MYCN amplified NB, we tested effects of eEF2K genetic inactivation using an MYCN amplified in vivo NB xenograft model. We subcutaneously transplanted BE(2)-C cells with or without stable eEF2K knockdown into immunodeficient mice fed normal chow (at libitum; AL). This cell line is well established for in vivo NB studies due to its aggressive behavior 27, 32 and high in vivo tumorigenicity. 33 As expected for a MYCN amplified NB cell line, tumors from all groups showed strong nuclear staining for MYCN, confirming high expression of MYCN which was not affected by eEF2K knockdown in vivo (Figure 5a , top panels, and Figure 5b ). IHC for eEF2K and p-eEF2 on tumor sections confirmed a marked decrease in eEF2K activity and expression in tumors with eEF2K knockdown (Figure 5a , see p-eEF2 panels, and 5c; P = 0.020 and P = 0.001 for sh-eEF2K-1 and sh-eEF2K-2 tumors compared with controls, respectively; and Supplementary Figure S7a) . Notably, by hematoxylin and eosin (H&E) staining, sections from eEF2K deficient tumors revealed extensive areas of geographic coagulative necrosis compared to control tumors (Figure 5a , see H&E panels, and 5d; P = 0.008 and P = 4e-04 for sh-eEF2K-1 and sh-eEF2K-2, respectively, compared to controls). On the other hand, there was no significant difference in caspase-3 mediated apoptotic activity (Figure 5a , see caspase-3 panels, and 5e) or cell proliferation (Ki67 staining, Supplementary Figure S7b ) in eEF2K deficient compared to control tumors, when evaluated in viable (non-necrotic) regions. Consistent with the Ki67 staining, tumor volumes did not differ significantly between eEF2K knockdown and control tumors, although there was a trend toward reduced sizes of tumors with eEF2K knockdown (Figure 6a ). Together, these results indicate that eEF2K has a protective effect on MYCN amplified NB tumor growth in vivo, but that this is unlikely to be due to differential proliferative rates.
Inactivation of eEF2K restricts MYCN amplified NB xenograft growth under caloric restriction. The tumor microenvironment can limit the delivery of oxygen and other nutrients to proliferating tumor cells. 11, 34 Therefore, one possibility to explain the in vivo results of the previous section is that eEF2K protects tumor cells from ND in vivo. To further explore this, we similarly transplanted BE(2)-C NB cell lines ± eEF2K knockdown as above, but instead maintained mice on a calorie restricted (CR) diet. 18 Mouse weights were significantly lower than mice fed AL diets (Supplementary Figure S7c) , confirming the dietary effects of CR. As opposed to mice fed AL, eEF2K deficient tumors grew significantly slower than controls under CR (Figures 6a and b) . Notably, this was accompanied by improved survival of mice bearing eEF2K knockdown tumors compared to control tumors under CR (Figure 6c ; P = 0.013 for sh-eEF2K-1 and P = 0.041 for sh-eEF2K-2 tumors, respectively, compared to controls). Effective eEF2K knockdown was confirmed by IHC (Supplementary Figure S7d) . IHC analysis on tumor sections showed no effects of eEF2K knockdown on the tumor proliferative index in mice under CR (Supplementary Figure S7e) . MYCN expression was also unaffected by eEF2K knockdown under CR (Figure 7a , see MYCN panels, and 7b). Moreover, while p-eEF2 IHC showed high levels of eEF2K activity in control tumors, confirming eEF2K activation in vivo under CR, p-eEF2 levels were significantly reduced by eEF2K knockdown in mice fed the same diet (Figure 7a , see p-eEF2 panels, and 7c; P = 0.039 for sh-eEF2K-1 and P = 0.037 for sh-eEF2K-2 tumors, compared to controls). As before, eEF2K knockdown in tumors correlated with extensive areas of coagulative necrosis compared to control tumors, but under CR the degree of necrosis was even more significantly increased in eEF2K knockdown compared to control tumors (Figure 7d ; P = 0.001 and P = 6e-04 for sheEF2K-1 and sh-eEF2K-2, respectively, compared to controls). Moreover, although difficult to directly compare across distinct experiments, we observed that in mice fed CR diets, eEF2K knockdown tumors had quantitatively larger necrotic areas than counterpart eEF2K knockdown tumors in mice fed AL diets (average total % necrosis in sh-eEF2K-1: AL 11.2% versus CR 25.4%; average total % necrosis in sh-eEF2K-2: AL 20.5% versus CR 26.6%). The combination of CR and eEF2K inactivation also markedly increased the number of apoptotic cells observed in non-necrotic (viable) areas, as measured by cleaved caspase-3 IHC (Figure 7a , see caspase-3 panels, and 7e; P = 0.031 for sh-eEF2K-1 and P = 0.020 for sh-eEF2K-2, compared to controls). The latter raises the possibility that apoptosis precludes the occurrence of geographic necrosis in eEF2K deficient tumors under CR, further arguing that eEF2K protects MYCN amplified NB against the effects of CR. Finally, comparing reductions in tumor volume between experimental animals fed either AL or CR diets showed a greater reduction upon eEF2K knockdown in mice under CR (Supplementary Figure S8) . Taken together, these findings indicate that CR increases the sensitivity of MYCN amplified NB to eEF2K inhibition in vivo. Therefore, combining eEF2K inhibitors with CR mimetics warrants further investigation as a potential therapeutic approach to MYCN amplified NB.
Discussion
Genetic amplification of the chromosome 2p34.3 locus encoding MYCN is a major oncogenic event in a subset of highly aggressive pediatric NBs. 21 However, pharmacological inhibition of MYCN has proven to be challenging, since the eEf2K supports MYCN neuroblastoma A Delaidelli et al structure of this molecule lacks druggable moieties. Recently, several groups reported anti-cancer efficacy of molecules targeting pathways specifically activated by MYCN, 33, [35] [36] [37] [38] highlighting this approach as a promising alternative strategy for MYCN-driven NB. MYC family protein overexpression is known to impair cell viability under stress conditions such as ND. 7-9 Therefore we hypothesized that targeting cellular stress responses to ND in MYCN-driven NB might offer a tractable therapeutic strategy for this disease. Solid tumors are often poorly and inefficiently vascularized, leading to intra-tumoral hypoxia and ND, 11 which must be overcome for cancer cells to survive and proliferate. In this context, cancer cells typically reduce highly ATP-consuming processes such as protein synthesis, 39 allowing them to The sample size for the IHC analysis in the figure is as follows: sh-SCR n = 6; sh-eEF2K-1 n = 8; sh-eEF2K-2 n = 9. *Po0.05, **Po0.01, ***Po0.001 eEf2K supports MYCN neuroblastoma A Delaidelli et al effectively mantain energy balance and survive. Despite encouraging preclinical data, targeting the initiation phase of mRNA translation is still clinically challenging. 40 We previously reported that mRNA translational control at the elongation phase through eEF2K allows cells to adapt and survive under ND. 18 The eEF2K protein is an evolutionary conserved calmodulin-dependent kinase, which phosphorylates its only known substrate, eEF2, to slow the rate of translation elongation. 15 Indeed, addition of each amino acid to the elongating nascent polypeptide chain during translation utilizes one ATP and two GTP molecules per bond, which vastly exceeds the energy demands of translation initiation. 41 Thus, restoring mRNA translation elongation by blocking eEF2K as a means to increase energy demands represents a promising but relatively unexplored cancer therapeutic strategy. 14 Several studies have previously reported eEF2K inhibition by small molecules with varying specificities or effective doses. 29 , 42 Here, we use both genetic knockdown . The sample size for the analysis in the figure is as follows: AL: as in the previous figure. CR: sh-SCR n = 8; sh-eEF2K-1 n = 7; sh-eEF2K-2 n = 8. *Po0.05, **Po0.01, ***Po0.001 studies and chemical inhibition with A-484954 to show that the adaptive response of MYCN amplified NB to acute ND requires eEF2K activity. First, we report a highly significant association between eEF2K expression and poor outcome in NB, and that this association is predominantly due to eEF2K overexpression in MYCN amplified NB. This was validated functionally by IHC data showing a strong correlation between p-eEF2 staining (i.e., eEF2K activity) and poor outcome in MYCN amplified NB. Finally, in vitro and in vivo results show that MYCN expression sensitizes NB cells to eEF2K inhibition sh-SCR n = 6; sh-eEF2K-1 n = 8; sh-eEF2K-2 n = 9. *Po0.05, **Po0.01, ***Po0.001 eEf2K supports MYCN neuroblastoma A Delaidelli et al under ND, further suggesting a specific role for eEF2K in the adaptation of MYCN transformed NB cells to metabolic stress.
The mechanism of eEF2K activation in MYCN amplified NB remains unknown. Our data fails to support a direct transcriptional role for MYCN in promoting eEF2K gene expression. Also, given that eEF2K transcript levels are independent of MYCN in vitro, the latter is unlikely to indirectly modulate eEF2K expression through other transcription factors, through effects on eEF2K mRNA stability, or via epigenetic mechanisms. Moreover, there are no known copy number alterations (CNAs) of the eEF2K locus in NB, arguing against a genetic basis for eEF2K overexpression. Therefore an intriguing alternative model is that MYCN transformation requires the presence of intact eEF2K functional activity; i.e., there may be clonal selection of MYCN transformed cells on the basis of their basal eEF2K activity. Apart from their transcriptional activities, MYC family members are also well known to regulate mRNA translation. At the initiation phase, MYC upregulates the mRNA cap binding protein eIF4E, a prooncogenic translation initiation factor. 5 In addition, MYC increases the selective translation of specific mRNAs, such as cyclins and cyclin-dependent kinases, by promoting methylation of their 5′-UTR caps. 43 Finally, MYC promotes ribosome biogenesis and transcription of ribosomal protein encoding genes, 44 further highlighting its importance in translation. In light of our data, it is tempting to speculate that cells with high MYC activity therefore also require mechanisms to rapidly alter translation elongation rates, particularly during adaptation to ND to preserve energy. Further studies are necessary to determine how loss of eEF2K might influence cellular transformation by MYC family proteins.
Our in vivo mouse data indicate that effects of eEF2K inactivation on NB xenograft growth are enhanced when combined with CR. Reducing caloric intake not only significantly reduced tumor volumes and increased survival in mice with eEF2K knockdown compared to control tumors, but also increased the degree of necrosis and apoptosis in these lesions. Therefore future therapeutic studies should aim to combine eEF2K inhibition with CR mimetics such as metformin or 2-DG, as eEF2K activity appears to be particularly critical under metabolic stress conditions. Having said this, we observed significant tumor necrosis in eEF2K knockdown tumors compared to controls even when mice were fed AL diets (Figure 5a ). While this may indicate that relative ND occurs in MYCN-driven tumors even when mice are fed ambient diets, we cannot rule out the possibility that eEF2K facilitates adaptation to other microenvironmental stress forms in MYCN amplified NB. We conclude that strategies to reverse the negative regulation of eEF2K on mRNA translation elongation to increase energy demands in stressed tumor cells warrant further investigation therapeutically. This appears to be particularly relevant in pediatric tumors where MYC proteins play major oncogenic roles, such as in NB and in aggressive brain tumors including medulloblastoma 45 and pediatric high grade glioma. 46 Materials and Methods mRNA expression and survival analysis. Gene expression data, MYCN amplification status and survival data were obtained from the R2 platform (http://r2. amc.nl) for five publicly available independent NB cohorts (Asgharzadeh, SEQC, Oberthuer, Verteeg, and Kocak). Technical details on gene expression analysis for each cohort can be found on the R2 platform (http://r2.amc.nl). For survival analysis, the five cohorts were split based on relative eEF2K expression, using upper quartiles as the threshold for low or high expression. Overall significance of survival differences was calculated using a log-rank test.
NB tissue microarrays. A NB tissue microarray (TMA) constructed as previously described 47 with duplicate cores of 187 NB tumors was obtained from the Children's Hospital of Philadelphia (CHOP, PA, USA). The demographic and clinical characteristics of the CHOP neuroblastoma TMA patients are summarized in Supplementary Table 1 . IHC was performed using an anti-phospho-eEF2 antibody (Thr56, 1:800, Abcam ab53114, Cambridge, UK). IHC was blindly quantified by an MD with pathology training (AD) for staining intensity (0-3) and percentage of positive cells (0-100%). For each sample, the H-score was calculated as staining intensity × percentage of positive cells. 48 In addition, the immunoreactive score (IRS) was calculated as previously described. 49 When cores derived from the same sample showed a different score, the highest score was considered for the analysis. Only tumors with a histopathological diagnosis of NB and ganglioneuroblastoma were included in the analysis. Tumors without cores available in duplicates for the analysis were excluded. Overall survival significance differences were calculated using a log-rank test. DOX treatment. For eEF2K stability assays, cells were treated with cycloheximide over a 9 h time course at a final concentration of 100 mg ml -1 to inhibit mRNA translation, and eEF2K protein levels were assessed by Western blotting. All cells were kept at 37°C and 5% CO 2 . RNA isolation and quantitative RT-PCR. For RNA isolation in mammalian cells, after indicated treatments cells were lysed and total RNA was extracted using RNeasy RNA extraction kit (Qiagen, Hilden, Germany). RNA concentrations were determined by nanodrop and equal amounts of RNA were used to generate cDNA using the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA). cDNA and Power SYBR Green PCR master mix (Applied Biosystems) were mixed with primers, as previously described, 14 and ran in an Applied Biosystems Quant Studio 6 Flex RT-PCR system. As an internal control, GAPDH or β-actin was amplified.
Lentiviral transduction. HEK293T cells were infected with the pLKO-1 vector (Sigma-Aldrich, St. Louis, MO, USA) containing two different eEF2K targeting shRNA sequences, sh-eEF2K-1 and sh-eEF2K-2, respectively:
CCGGCGATGAGGAAGGTTACTTCATCTCGAGATGAAGTAACCTTCCTCATCGTTTTT CCGGCCAAAGGATTTGATTACTTACCTCGAGGTAAGTAATCAAATCCTTTGGTTTTTG or a non-targeting shRNA (Sigma) using OptiMEM, according to the manufacturer' s instructions. Viral particle producing media was then added to the BE(2)-C and SH-EP target NB cell lines with the addition of Polybrene (Santa Cruz Biotech, Santa Cruz, CA, USA). Cells successfully transduced were finally selected with the appropriate concentration of puromycin. ; Na 2 HPO 4 •7H 2 O, 0.09 g l -1 ; 20 mM HEPES, pH 7.4) containing no glucose, for the indicated times. As (HBSS)-HEPES buffer did not allow addition of DMSO without affecting cell viability, ND studies using A-484954 were performed with serum-free DMEM lacking glucose, sodium pyruvate, HEPES, or L-glutamine, for the indicated times.
Western blot analysis. Western blotting was carried out on cell lysates as previously described, 18 using antibodies against phospho-eEF2 (Thr56), eEF2, eEF2K, caspase-3, cleaved caspase-3, AMPK, phospho-AMPKα (Thr172), GAPDH (all from Cell Signaling Technology, Danvers, MA, USA), MYCN (NCM-II, Thermo Fisher Scientific, Waltham, MA, USA), α-Tubulin (Sigma). Western blotting densitometric quantification was achieved using Adobe Photoshop 13.0.6.
MTT assays. To assess cell number at defined time-points, cell media was aspirated and MTT-supplemented media was added to the cells, which were subsequently incubated for 3 h and lysed with DMSO before measuring absorbance at 570 nm with a plate reader. Specifically, for MTT assays measuring cell proliferation, cells were plated in a 48-well plate at 20,000 cells per well in 200 μl media. Cells were allowed to attach overnight and an absorbance measure was obtained as a baseline for normalization of the following measures (i.e., time point 0 h), followed by the indicated time-points and treatments. For MTT assays measuring cell survival, cells were plated in a 48-well plate at 40,000 cells per well in 200 μl media, and the same procedures measuring absorbance as described above were performed.
Trypan blue assay. Cells were plated in 6-well plates at 1 × 10 6 cells per well in 2 ml media and were allowed to attach overnight. At the indicated time-points, cells were detached with 200 μl trypsin before blocking the reaction with 2 ml media. Cell samples were placed on a hemocytometer and pictures were taken from four grids. Viable cells were finally manually counted from the images.
Flow cytometry. Cells ± eEF2K knockdown were treated with ND media for the indicated time. Subsequently, cells were trypsinized, centrifuged (1,100 r.p.m., 4°C, 5 min) and resuspended in PBS containing 20% FBS and stained for Annexin V and propidium iodide (PI) with a Dead Cell Apoptosis Kit, Thermo Fisher, according to the manifacturer's instructions. Cells were analyzed on a FACSCaliburTangerine flow cytometry instrument. Unstained cells from all conditions were used to detect the background fluorescence signal.
Mouse studies. Aliquots of 2 × 10 6 cells were resuspended in 200 μl of 1:1 mixture of PBS and Matrigel and injected subcutaneously into the flanks of 5-6-week old female NOD SCID gamma immunodeficient mice using standard procedures. After day 17, mice klling was required when tumors exceeded humane practice guidelines (1,500 mm 3 ). Mice were evaluated for tumor growth periodically until the experimental endpoints. Tumor volumes were estimated using the following formula: tumor length × (tumor width)
2 × π/6 mm 3 (ref. 50). For CR experiments (i.e., mice receiving 70% of the daily food intake of their ad libitum counterparts), mice were fed a 30% calorie restricted irradiated rodent chow diet (70% caloric Restriction 2020, Envigo, Huntingdon, UK) from the day after cell injection until the experimental endpoints. Body weights and tumors size were recorded every 2 days. The CR diet was similar in consistency to the ad libitum diet but was fortified with vitamins and minerals to prevent deficiency in these nutrients. All animal experiment underwent ethical approval from the Animal Care Committee of the University of British Columbia.
Histopathology, immunohistochemistry, and tissue microarrays (TMAs). For histopathology of mouse tissues, samples were formalin-fixed for 48 h, paraffin embedded, and sectioned at 5 μm. For each sample, sections were stained using standard hematoxylin and eosin (H&E) protocols. Extent of necrosis was manually quantified using Adobe Photoshop on 5 pictures (×10 magnification, total surface: 1.61 mm 2 ) randomly acquired on each HE section. Areas of structurally damaged tissue with no viable tumor cell nuclei were considered necrotic. For TMAs, four 1 mm diameter cores for each sample were punched from the paraffin block in non-necrotic areas and used for a TMA construction. The recipient block was subsequently sectioned at 5 μm thickness and IHC was performed using the following antibodies: p-eEF2 (Thr56, 1:800, Abcam ab53114), MYCN (1:100ss, Abcam ab198912), cleaved Caspase 3 (1:200ss, Cell Signaling 9664), and Ki67 (1:300, Thermoscientific RM-9106). IHC was blindly quantified by an MD with pathology training (AD) for staining intensity (0-3) and percentage of positive cells (0-100%). For each sample, the H-score was calculated as staining intensity × percentage of positive cells. When cores derived from the same sample showed a different H-score, the highest score was considered for the analysis.
Statistical analysis. Statistical differences between groups of data not normally distributed or with unknown distribution were calculated with the nonparametric Mann-Whitney U-test, unless otherwise specified. Repeated measures two-way ANOVA was performed for experiments with multiple time-points. Data are represented as mean+s.e.m., unless if box plots were used as indicated. Statistical analysis was performed using GraphPad Prism 6. Survival analysis and mRNA expression analysis were performed using R 3.3.1.
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